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Abstract
Liquid chromatography/electrospray ionization tandem mass spectrometry has been previously demonstrated to be a powerful method to detect and quantify molecular species of glycerophospholipids including lysophospholipids. In this study we provide an improved pre-mass spectrometry lipid extraction procedure that avoids the acid catalyzed decomposition of plasmenyl phospholipids that is problematic with previously reported methods. We show that the use of lysophospholipid internal standards with perdeuterated fatty acyl chains avoids isobar problems associated with the use of internal standards containing odd carbon number fatty acyl chains. We also show that liquid chromatography prior to mass spectrometery is required to avoid numerous problems associated with isobars and with mass spectrometry in-source decomposition of lysophosphatidylserine.
The reported method of using normal phase chromatography/electrospray ionization mass spectrometry is used to quantify lysophospholipids in serum and to quantify lysophospholipids produced in mammalian cells by human group X secreted phospholipase A 2 . The latter shows that group X phospholipase A 2 added exogenously to cells generates a different set of lysophospholipids compared to enzyme produced endogenously in cells, which supports earlier studies showing that this phospholipase A 2 can act on cell membranes prior to externalization from cells. 
INTRODUCTION
Detection and quantification of lysophospholipid species is important in lipid biology since such species mark the action of lipolytic enzymes such as phospholipases A 2 (1) and are themselves ligands for numerous signaling receptors (2) . Combined high pressure liquid chromatography/electrospray ionization tandem mass spectrometry (LC/ESI-MSMS) is a powerful method to detect and quantify a large number of glycerophospholipid molecular species in a single analysis (3) . In this study we focus on the use of LC/ESI-MSMS to detect and quantify lysophospholipid molecular species.
Prior to LC/ESI-MSMS it is helpful to partially purify the lysophospholipids by some form of liquid-liquid or liquid-solid extraction. Although extraction of biological aqueous samples with chloroform/methanol is useful for many phospholipid and lysophospholipid species, extraction of lysophosphatidic acid (LPA) and lysophosphatidylinositol (LPI) are low yielding unless the aqueous phase is acidified (4).
It is also possible to extract LPA using 1-butanol (5,6), but high yield extraction also requires acidification, and 1-butanol is more cumbersome to remove than chloroform/methanol. The problem with acidification during extraction is that plasmalogens are rapidly degraded at low pH due to spontaneous cleavage of their sn-1-enol ether chain to give the corresponding sn-1 hydroxyl group (4) . This leads to formation of sn-2-acyl-lysophosphatidylcholine and sn-2-acyllysophosphidylethanolamine and possible other species. These sn-2 lysophospholipids behave similarly to the corresponding sn-1-acyl lysophospholipids when examined by ESI-MSMS since they are isobaric and give rise to the same major fragment ions. This acid-catalyzed breakdown leads to an underestimation of the amount of enol etherlysophospholipid species and an overestimation of the amount of lysophospholipid species. In this paper we describe a simple multi-step extraction procedure that allows for the rapid analysis of lysophospholipid and enol ether lysophospholipid molecular 4 species using LC/ESI-MSMS and that avoids the decomposition problems described above. We also carried out an analysis of isobaric lysophospholipid species and show that the use of lysophospholipids with perdeuterated fatty acyl chains as internal standards is prefered over the use of those with fatty acyl chains with odd carbon numbers and that LC prior to ESI-MSMS is required to avoid problems with isobars. We show that lysophosphatidylserine species breakdown in the mass spectrometer source to generate lysophosphatidic acid species, which underscores the need for LC separation of these species prior to mass spectrometry. We apply the new method to quantify lysophospholipids in serum and in cells expressing or treated with group X secreted phospholipase A 2 . Deuterated lysophospholipid internal standards were prepared as follows. Into a 1.5 mL polypropylene microfuge tube was added 10 µg of each of the following (Sigma Cat. P9279, 1020 Units per mg of solid) was prepared at 17.9 Units/µL in the above buffer, and a 2 µL aliquot was added to the phospholipid mixture. The sample was left at room temperature for 3 hrs and then placed in a centrifugal evaporator inorganic phosphorous assay as described above), and the mixture was analyzed by LC/MSMS as described below. By comparing the peak area for each internal standard to that from the corresponding non-deutrated lysophospholipid peak, the amount of each internal standard was obtained. We assumed that the deuterated and the nondeuterated lysophospholipid species give the same mass spectrometry peak area per The remaining aqueous phase was chilled on ice for 10 min and then acidified with icecold 0.3 M citric acid solution to pH ~ 3-4 (small aliquot spotted on pH paper, checked on the first 2 samples to determine the volume of citric acid needed per sample thereafter).
METHODS
Materials
The sample was then extracted twice with ice-cold, phosphate buffered saline-saturated The growth of HEK293 cells and establishment of cells stably transfected with human group X secreted phospholipase A 2 were carried out as described (9) . Four million cells were seeded in a 10 cm dish, which was placed in the CO 2 incubator for 48 hrs at 37 °C. to well extract all lysophospholipids except LPA and LPI. The use of neutral pH conditions avoids spontaneous loss of species that contain the highly acid sensitive sn-1 enol ether. To extract LPA and LPI species, the remaining aqueous phase was acidified on ice, and the mixture was extracted again with CHCl 3 /CH 3 OH (2/1). Ice was used to minimize acid decomposition of any enol ether species that were not extracted in first round. The organic layer was neutralized with triethylamine before it was combined with the first organic phase, again to avoid loss of enol ether species. The use of triethylamine avoids any possible transacylation reactions that might occur had a primary amine been used. The pH varies from 7.4 (phosphate buffered saline) to 3-4 (after citrate addition) to 6-7 (after triethylamine addition). A previous study of spontaneous migration of fatty acyl chains between the sn-1-and sn-2 position of LPC showed that the rate is pH dependent with a half-life at pH 7.4 of ~6 hrs and at pH 3 of ~90 hrs at room temperature (10) . Thus, during the above extraction procedure, acyl chain migration should be minimal.
By applying the above extraction procedure to a standard mix of lysophospholipids and comparing the ESI-MSMS peak areas of the species detected in the extracted sample versus those from a standard stock solution of lysophospholipids that were directly injected on to the LC column without extraction, we determined the percent recovery values for several lysophospholipid species (Supplemental Material Table 2 ). The yields were acceptable, the lowest being 55% for 16:0-LPI. In previous work, 1-butanol has been used together with acidification of the aqueous sample medium to ensure high yield recovery of LPA species (5,6). If we extracted the sample with 1-butanol without acidification of the aqueous phase, yields of LPA species were very low (~10%) as were yields of LPI (~20%). If CHCl 3 /CH 3 OH (2/1, v/v) was used in the absence of acidification, yields of LPA species were ~5%. In another study CHCl 3 /CH 3 OH was used as the extraction solvent in the absence of acidification (11), but we could not reproduce the yields of LPA that were reported in that study. We prefer the use of CHCl 3 /CH 3 OH versus 1-butanol since the former is easier to remove by evaporation. We also the stress the need to acidify the aqueous phase to ensure high yield extraction of LPA and LPI species.
To examine whether the new extraction procedure leaves plasmenyl phospholipids intact, we subjected a mixture of plasmenyl-phosphatidylcholine and However, the amount of breakdown is very small compared to that which occurs if the aqueous sample of plasmenyl phospholipids is acidified with citric acid and then extracted with CHCl 3 /CH 3 OH. This latter procedure results in breakdown of 38% of the plasmenyl phosphatidylcholine and 10% of the plasmenyl phosphatidylethanolamine.
We also tested the extraction procedure given by the Lipid Maps consortium (12)). For enyl-LPC species, we detected the m/z = +181 fragment ion due to formation of a phosphate diester mono cation (see Fig. 7 of (12)).
We developed a simple procedure to prepare all of the deuterated internal standard lysophospholipids using commercially available reagents. We used a separate internal standard for each lysophospholipid head group class. For example, we used We assumed that each fatty acyl LPC species fragmented to the same extent, which should be valid since the fragment ion chosen is the major ion after collision induced dissociation. Although we did not obtain comparable data for fatty alkyl ether vs fatty acyl lyosphospholipids with non-choline head groups, we did observed that 16:0-alkyl-LPA co-migrated with 16:0-LPA. We used these LC trends to make predictions on which isobaric species can be resolved. Of the 360 lysophospholipid masses considered, there are 182 isobars (see Supplemental Material), 10 of which are unlikely to be resolved by LC or by MSMS.
Thus, the vast majority of isobaric issues are resolved by the methods described in this paper.
As already noted, the above analysis treats double bond regioisomers as as single species. The most convincing way to distinguish an isobaric lysophospholipid pair in which one species has a double bond as an enol ether from the other species which does not have an enol ether is to treat the sample under acidic conditions and to look for the loss of the LC/ESI-MSMS signal compared to the sample that was processed in the absence of acid. The other method, which is shown in this study to be reliable for LPE and LPC species, is to rely on the earlier LC retention time for the enol ether species (as noted above). In the case of other double bond regioisomers, for example a lysophospholipid containing a gamma-linolenoyl chain (6,9,12-18:3) versus an alpha linolenoyl chain (9,12,15-18:3) , the methods presented here will likely not allow a distinction. lysophospholipid species (Fig. 1) . Results with 10 mM ammonium acetate were similar to those with 5 mM (not shown).
LC/ESI-MSMS
In the analysis of lysophospholipid species reported here we cycled through 89 single reaction monitoring events during the entire period of time in which the instrument was in negative mode. We compared the lysophospholipid detection sensitivity under these conditions to that observed under conditions where we monitored a smaller set of single ion reactions in time windows appropriate for the elution of each lysophospholipid head group class. Results were comparable under both conditions (not shown). This is expected since each cycle of 89 ion reactions takes ~5 sec, and given the LC peak widths of about 1 min (Fig. 1) , there are about 12 cycles per LC peak, which is presumably sufficient to well define the peak.
We analyzed the lysophospholipid species present in mouse serum mainly to determine statistics for the quantification of lysophospholipids using our LC/ESI-MSMS (14) .
We analyzed the changes in lysophospholipid levels in HEK293 cells in response to exogenous addition of mature human group X secreted phospholipase A 2 or in cells led to significant increases in specific LPE species, but the species produced were different depending on the presentation of the enzyme ( Figure 2B ). In particular, 22:4-, 22:5-, and 22:6-LPE species were produced only by endogenous phospholipase A 2 .
LPC levels showed a similar trend as for LPE levels ( Figure 2C) . A significant increase in 24:0-LPC was seen only with exogenous phospholipase A 2 ( Figure 2C ). These data clearly show that exogenous and endogenous human group X secreted phospholipase A 2 act at different membrane sites. This in turn is consistent with a wealth of data from our earlier study showing that endogenously produced group X enzyme acts on membranes of the secretory compartment prior to externalization from cells, whereas exogenously added enzyme likely acts on the extracellular face of the plasma membrane (9) . and LPI, which are generally more difficult to isolate than the more hydrophobic species.
Breakdown of even 5-10% of the plasmenyl phospholipids is a significant problem if one is trying to assess the presence of lysophospholipids in a sample since lysophospholipids are in relatively low abundance compared to plasmenyl phospholipids.
It should also be pointed out that the new extraction method does result in a low level of plasmenyl phospholipid breakdown, thus lysophospholipid analysis is best carried out by looking at a relative change in molecular species level as a result of a biological stimulus rather than looking at absolute levels in a single sample. Still relative changes in lysophospholipids will be hard to spot if there is significant breakdown of plasmenyl phospholipid species; thus, the new extraction procedure is recommended in all studies of lysophospholipid abundance when using biological membranes that contain plasmenyl phospholipids. Analysis of lysophospholipids by the LC/ESI-MSMS method described here allows for the detection of 20-1000 fmoles of molecular species using an instrument manufactured about a decade ago. With use of more updated instruments, it should be possible to extend the limit of quantification by a factor of ~5-to 10-fold. 
